


























































[6]	 investigated	 the	effects	 of	 preloading	on	 the	 impact	 response	of	 curved	 laminates.	The	upper	and	 lower	 surfaces	of	 the	 specimens	were	put	under	 tensile	 and	compressive	 stress	 respectively,	 and	 the	panel
curvature	also	increased.	Their	results	showed	that	preloading	the	plate	had	a	drastic	effect	on	the	impact	parameters	such	as	maximum	displacement	and	damaged	area.	They	proved	that	as	the	preload	increases,









Mahajan	[11]	depicted	that	the	force	and	deflection	response	of	the	 laminate	 is	 largely	dependent	upon	the	extent	of	damage	in	composite	 laminates.	Their	model	was	able	to	predict	the	 inter-laminar	and	 intra-
laminar	damage	effects	on	the	stiffness	of	the	structure.	The	damage	caused	a	degradation	of	stiffness	at	the	impact	location	and	therefore	lower	contact	force.	The	FE	simulations	proved	that	damage	changes	the
nature	of	the	impact	force	time	history.	Matrix	cracking	and	delamination	cause	significant	change	in	the	characteristics	of	the	plate	which	are	dependent	on	the	extent	of	damage.	These	issues	were	addressed	by






























































This	section	of	 the	paper	 focusses	on	 the	damage	modelling	of	 the	variable	stiffness	models	developed	 in	Ref.	[3]	and	modified	 in	 section	4.	A	new	approach	 for	damage	modelling	 is	derived	 through	 the


















The	layups	analysed	in	the	study	are	 listed	in	Table	3.	The	same	layups	are	used	as	 in	Ref.	[16]	 to	maintain	 linearity	 in	comparison.	 In	each	case	 the	no.	of	sections	and	the	 layups	of	 the	undamaged	and




Layup No.	of	sections	(Undamaged	Model) No.	of	Sections	(Damaged	Model) Layup	(Damaged	Model)
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Layups 1ply	removed 2plies	removed 3plies	removed 4plies	removed 5plies	removed 6plies	removed 7plies	removed
1 4.1 4.3 4.5 4.6 4.6 4.6 4.6
2 4.2 4.3 4.5 4.5 4.6 4.7 4.7
3 4.3 4.5 4.5 4.5 4.6 4.6 4.6
4 4.2 4.4 4.5 4.6 4.6 4.7 4.7
5 4.3 4.4 4.4 4.5 4.6 4.6 4.7
6 4.3 4.3 4.4 4.4 4.6 4.6 4.7
5.2	Effect	of	curvature	on	damage	behaviour
The	effect	of	curvature	of	the	plate	on	the	damage	behaviour	is	studied	analytically.	It	is	observed	that	as	the	curvature	of	the	plate	increases,	the	contact	force	is	reduced.	In	the	case	of	the	undamaged	plate,	a	drop	in	the
maximum	contact	force	of	9%	is	observed	when	the	radius	of	the	plate	increases	from	0.15–	to	0.20	m.	As	damage	is	initiated	through	removal	of	the	first	ply,	the	force	drop	is	15%	for	the	same	increase	in	radius	of	the	plate.	This
proves	that	the	radius	of	the	plate	has	an	effect	on	the	damage	characteristics	of	the	plate	(see	Fig.	5).
6	Validation	of	theoretical	model	using	FEM
The	damaged	curved	plates	were	modelled	using	finite	element	software	LSDYNA.	The	size	of	the	composite	plates	was	600	×	200	mm2	and	radius	150	mm	with	variable	thickness	through	the	length	of	plate.
The	plates	were	modelled	based	on	Belytschko-Lin-Tsay	quadrilateral	shell	elements.	This	shell	element	is	based	on	a	combined	co-rotational	and	velocity	strain.	All	surfaces	of	the	model	were	meshed	using	quadratic
shell	element	and	the	size	of	an	element	was	1	×	1	mm2	in	the	middle	of	beam.	The	impactor	was	modelled	as	a	rigid	block	using	solid	element.	MAT_54	was	used	as	the	material	model	for	the	plate	with	Chang-Chang
failure	criterion.	Material	model	MAT_54	in	LS-DYNA	is	commonly	used	to	simulate	composite	failure.	This	model	categorizes	four	failure	modes:	Tensile	fibre	failure	mode,	compressive	fibre	failure	mode,	tensile
matrix	failure	and	compressive	matrix	failure	modes.	These	failure	indicators	are	appointed	on	total	failure	for	the	lamina,	where	both	the	strength	and	the	stiffness	are	set	equal	to	zero	after	failure	is	encountered.
The	layers	of	each	section	was	also	defined	using	integration	point	(IP)	through	the	thickness	of	the	element	and	each	integration	point	is	used	to	represent	each	layer.	In	this	case,	the	thickness	of	integration	point
layers	at	those	places	which	are	allocated	for	damaged	zone	was	reduced	to	zero.	This	strategy	introduces	the	damaged	zone	at	the	particular	location.	The	mass	of	the	impactor	was	3	kg	with	an	initial	velocity	of
6	m/s	(Fig.	6).
Fig.	5	Effect	of	radius	of	the	plate	on	the	progression	of	damage	(radiuses	are	in	meter).
In	order	to	validate	the	theoretical	model,	a	numerical	finite	element	was	developed	and	the	results	are	analysed	and	compared	in	this	section.	The	analysis	is	validated	using	two	different	layups	for	the	two
plates	with	different	geometries	since	the	numerical	modelling	process	is	time	consuming	to	be	done	for	all	the	combinations	discussed	in	the	previous	section.	The	3	sectioned	variable	stiffness	plate	is	validated
through	using	Layup	3	and	5	sectioned	plate	is	validated	using	Layup	4.	In	Figs.	7	and	8	the	force-time	history	of	damaged	panels	which	were	extracted	from	FEA	model	is	presented.	The	main	reason	for	difference
between	FEA	and	experimental	results	might	come	from	deletion	of	elements	after	failure	of	all	composite	layers	during	the	impact	simulation.	In	this	case	there	is	no	more	resistance	against	the	striker,	therefore,
some	discrepancies	are	observed	between	experimental	and	FEA	results	(see	Fig.	9).
Fig.	6	Finite	element	models	of	damaged	curved	composite	plates	a)	three	sectioned	and	b)	five	sectioned.
Fig.	7	Comparison	between	FE	results	and	the	developed	theoretical	model	for	layup	3.
Fig.	8	Comparison	between	FE	results	and	the	developed	theoretical	model	for	layup	4.
7	Conclusion
This	paper	studies	the	post	impact	behaviour	of	variable	stiffness	curved	composite	plates.	Variable	stiffness	sections	are	used	widely	and	the	need	for	studying	the	impact	behaviour	of	these	sections	were
identified.	The	existing	damage	models	have	not	been	developed	to	predict	the	impact	damage	behaviour	of	variable	stiffness	sections.	In	this	regard,	this	paper	adopts	a	new	methodology	to	model	the	damage	in	the
impacted	region.	The	methodology	of	reducing	the	thickness	of	the	damage	region	by	ply	removal	was	observed	to	be	successful.	The	ply	removal	simulates	weakening	of	the	structure	by	degrading	the	stiffness	in	the
impact	region.	Thus,	the	contact	force	is	reduced	when	damage	is	introduced	into	the	system.	This	research	also	investigated	various	types	of	layups	able	to	withstand	a	greater	impact	damage	mainly	by	focussing	on
the	contact	force	at	impact.	Therefore,	our	research	gives	an	insight	into	the	combinations	of	layups	most	suitable	for	designs	manufactured	from	the	technique	of	variable	stiffnesses	in	composites.
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